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Cytoplasmatic targetingspholipid vesicles are extensively studied as drug delivery systems to modify
pharmacokinetics of drugs and to improve their action in target cells. It is believed that the major barrier to
efﬁcient drug delivery is entrapment of drugs in the endosomal compartment, since this eventually leads to
its degradation in lysosomes. For these reasons, the knowledge of internalization pathway plays a
fundamental role in optimizing drug targeting. The aim of this work is to characterize pH-sensitive Tween 20
vesicles, their interaction with macrophage-like cells and their comparison with pH-sensitive liposomes. The
effect of different amounts of cholesteryl hemissucinate on surfactant vesicle formation and pH-sensitivity
was studied. To evaluate the initial mode of internalization in Raw 264.7 and the intracellular fate of neutral
and pH-sensitive formulations, ﬂow cytometry in presence and in absence of selected inhibitors and
ﬂuorescence microscopy in absence and presence of speciﬁc ﬂuorescent endocytotic markers were used. The
obtained results showed that the surfactant vesicle pH-sensitivity was about two or three fold higher than
that obtained with pH-sensitive liposomes in the presence of serum in vitro. The uptake mechanism of
surfactant vesicles, after incubation with macrophage-like cells, is comparable to that of liposomes (clathrin-
mediated endocytosis).
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Intracellular delivery of various drugs and drug carriers can sharply
increase the efﬁciency of various treatment protocols. Several
approaches for intracellular drug delivery have been developed: the
use of pH-sensitive liposomes, the use of cell-penetrating proteins
and peptides, and the use of immunoliposomes targeting intracel-
lular antigens [1,2].
The intracellular fate of particulate drug delivery systems is
determined by the initial mode of internalization and the subsequent
intracellular trafﬁcking: each route of internalization brings opportu-
nities for selective delivery or particular challenges dependent on the
delivery system used and the nature of its payload. There are multiple
internalization pathways involving vesicular structures including
clathrin-mediated endocytosis [3], caveolae-mediated endocytosis
[4–6], phagocytosis, macropinocytosis and non clathrin–non-caveo-
lae-dependent endocytosis [7–9].aculty of Pharmacy, University
l rights reserved.Highly speciﬁc routing pathways can promote endosomal escape,
leading to cytosolic delivery or routing to other intracellular
organelles such as the Golgi apparatus [10–13].
For these reasons the knowledge of the initial mode of internaliza-
tion is the ﬁrst step to optimize drug cellular targeting.
The internalization pathway might be inﬂuenced by different
parameters: particle dimensions [14–16], surface charge [17,18] and
presence of speciﬁc molecules [19,20].
In a previous work [21] we reported the preparation and charac-
terization of non-phospholipid vesicles based on the use of a non-
ionic surfactant, polysorbate 20 (Tween 20), bearing poly(ethylene
glycol) units, with cholesterol and its derivative, cholesteryl hemi-
succinate (CHEMS), as pH-sensitive molecule. We also investigated
the cellular uptake of two non-lipid formulations in Raw 264.7, mouse
monocyte macrophage, using two different ﬂuorescent dyes. Several
studies suggest that pH-responsive amphiphiles, when incorporated
into liposomal bilayers, can trigger the release of entrapped materials
and enhance the endosome-to-cytosol transfer of macromolecular
drugs [22,23].
In the present work we studied the effect of different amounts of
CHEMS on surfactant vesicle formation and pH-sensitivity. To evaluate
the initial mode of internalization in Raw 264.7 and the intracellular
2750 L. Di Marzio et al. / Biochimica et Biophysica Acta 1778 (2008) 2749–2756fate of pH-sensitive Tw20/CHEMS vesicles we used two different tech-
niques:ﬂowcytometry (FACS) andﬂuorescencemicroscopy, inpresence
and in absence of selected inhibitors andofﬂuorescentmarkers, that are
known to be internalized via a speciﬁc endocytotic pathway.
The uptake and the fate of neutral and pH-sensitive surfactant
vesicles is compared with neutral and pH-sensitive DMPC/CHEMS
liposomes to better evaluate the difference between phospholipid and
non-phosphlipid vesicles for intracellular drug targeting.
2. Materials and methods
2.1. Materials
Tween 20 (Tw20) was a Merck product. Dimyristoylphosphatidyl-
choline (DMPC) was a generous gift of CHEMI (Italy). Nile Red (9-
(diethylamino)-5H-benzo[α]phenoxazin-5-one), Cholesterol (CHOL),
cholesteryl hemissucinate (CHEMS), diphenylhexatriene (DPH),
hydroxypyrene-1,3,6-trisulfonic acid (HPTS), calcein, HEPES salt [N-
(2-idroxyethyl) piperazine-N-(2-ethanesulfonicacid)], Sephadex G-75,
trypan blue, chlorpromazine and ﬁlipin were Sigma-Aldrich products.
Methyl-β-cyclodextrin (CD) was a generous gift of Roquette (France).
All other products and reagents were of analytical grade. Dulbecco's
modiﬁed Eagle's medium (DMEM), fetal bovine serum (FBS), phos-
phate buffered saline (PBS), glutamine and 0.1% trypsin/0.02%
ethylenediamino tetracetic acid solution were obtained from GIBCO
(Berlin, Germany). Penicillin and streptomycin were purchased from
Boehringer-Mannheim (Germany). Plastic culture ﬂasks and dispo-
sable cell lifters were obtained from Costar (Cambridge, MA, USA).
Alexa Fluor 594 conjugate of transferrin (Tf) from human serum was
from Molecular Probes (Invitrogen, USA).
2.2. Vesicle preparation and puriﬁcation
Surfactant (SVs) and phospholipid vesicles were prepared using
different amounts of Tw20, DMPC, cholesterol and CHEMS (Table 1).
Tw20 concentration was always remarkably above CMC (0.048 mM in
water, at 20 °C).
Unilamellar phospholipid and non-phospholipid vesicles were
obtained by means of the “ﬁlm” method [24], after sonication at 4 °C
and 60 °C, respectively. The dried ﬁlms were hydrated by addition of
different aqueous phases:
1. Acetate buffer (200mM, pH5.5) or HEPES buffer (10mM, pH 7.4) for
vesicle characterization and for the study of the interaction with
cells.
2. Sodium calcein 10 mM in HEPES (10 mM, pH 7.4) to determine the
interaction with cells.
3. HPTS 0.4 mM in HEPES (10mM, pH 7.4) for the in vitro evaluation of
pH-sensitivity.
The dispersion was vortexed for about 20 min and then sonicated
for 5 min at 60 °C (SVs) or 60 min at 4 °C (liposomes) with Vibracells
VCX400 (Sonics), equipped with an exponential microprobe operating
at 23 kHz and an amplitude of 6mm. Vesicle dispersionswere puriﬁed
by means of size exclusion chromatography on Sephadex G75.Table 1
Surfactant and phospholipid vesicle composition
Samples Tw20 (mM) DMPC (mM) CHOL (mM) CHEMS (mM)
SVN 15.0 0 15.0 0
LN 0 15.0 15.0 0
SV1pH 15.0 0 7.5 7.5
SV2pH2 15.0 0 5.0 10.0
SV3pH 15.0 0 3.0 12.0
SV4pH 15.0 0 2.0 13.0
SV5pH 15.0 0 1.0 14.0
LpH 0 15.0 2.0 13.02.3. Vesicle characterization
2.3.1. Size measurements and evaluation of vesicle stability by dynamic
light scattering (DLS)
The vesicle dispersions were diluted 100 times in the HEPES buffer
pH 7.4, used for their preparation. Vesicle size distribution was
measured on a Malvern Zetasizer Nano ZS 90 (Malvern, UK) at 25 °C,
with a scattering angle of 90.0°. The polidispersity index (p.i.) was
then calculated. Vesicle stability, in terms of changes in vesicle
dimensions after possible aggregations, was evaluated by means of
the same technique on samples stored at 25 °C, for 3 months, and on
samples stored at 4 °C for at least 6 months.
2.3.2. Zeta potential measurements
The surface ζ-potential and dimension measurements were per-
formed to conﬁrm vesicle formation and to evaluate if the presence of
CHEMS modiﬁes vesicle dimensions and surface charge and if these
variations are affected by pH. The SV zeta potential were measured
using a Malvern Zetasizer Nano ZS 90 (Malvern, UK) on the same
vesicle dispersions used for dimension measurements.
2.3.3. Freeze–fracture
Vesicleswere examined bymeans of the freeze–fracturemicroscopy
technique. The samples were impregnated in 30% glycerol and then
frozen into partially solidiﬁed Freon 22, freeze–fractured in a freeze–
fracture device (−105 °C, 10–6 mmHg) and replicated by evaporation
from a platinum/carbon gun. The replicas were extensively washed
withdistilledwater, pickeduponto Formvar-coatedgrids andexamined
with a Philips CM 10 transmission electron microscope.
2.4. Evaluation of pH-sensitivity in vitro with ﬂuorescent probes
Fluorescence analyses were carried out with a Perkin-Elmer LS50B
spectroﬂuorometer on HPTS-loaded vesicles [25] and on calcein-
loaded vesicles [26], prepared in HEPES buffer pH 7.4, and diluted with
the same buffer or with acetate buffer (pH 5.5).
For HPTS experiments, the excitation spectra (300–600 nm) were
followed at an emission wavelength of 510 nm and the emission
spectra (300–600 nm) were taken at an excitation wavelength of
400 nm. In the excitation spectra, the intensities of the maxima at 400
and 450 nm were strongly dependent on the hydrogen ion
concentration and at pH 5.5 the relative intensity of the 450 nm
peak was negligible. To conﬁrm HPTS data also calcein leakage was
measured according to Simões et al. [26] at different pH values.
Fluorescence intensities obtained at pH 5.5 were corrected for the
slight effect of pH on calcein ﬂuorescence; complete leakage was
achieved by addition of isopropanol (1/1). The percentage of calcein




where I0 is the ﬂuorescence at neutral pH, IpH is the intensity at pH 7.4
or pH 5.5 before the addition of isopropanol and I100 is the totally
dequenched calcein ﬂuorescence at neutral pH.
2.5. Nile Red assay
The solvatochromic ﬂuorescent probe Nile Red was used as a probe
for the identiﬁcation of different aggregate morphologies formed by
surfactant mixtures [27,28]. Since Nile Red is poorly soluble in water,
there is a large preference to partition into aggregates which offer
hydrophobic binding sites. This assay monitors a shift in the emission
maximum of the Nile Red probe, integrated into the vesicle bilayer,
that occurs during the surfactant transition from lamellar to micellar
phase. For ﬂuorescence measurements, Nile Red was introduced
during the vesicle preparation by injecting 20 μl of a 2.5 mM stock
Table 2
Dimension and ζ potential values of neutral and pH-sensitive vesicles evaluated by









SVN 153±5 159±1 −38.71±2.45 −15.66±0.76
SV4pH 132±5 142±6 −48.04±3.32 −5.31±1.37
300±7 297±4
LN 200±6 210±3 −22.81±0.86 −17.86±0.16
LpH 161±2 185±5 −81.60±0.98 −35.45±0.77
Reported data are the means of three experiments±S.D.
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the solutions is about 10 μM. The ﬂuorescence intensity of Nile Red in
the vesicular sample was measured at 25 °C using 2.5-nm slit widths
at excitation of 550 nm using a Perkin-Elmer LS50B spectroﬂuorom-
eter. The emission spectra were recorded at a scanning speed of
10 nm/min from 550 to 700 nm.
2.6. Determination of vesicle stability and pH-sensitivity in the presence
of serum
Calcein-loaded vesicle suspensions (250 μl) were added to
2.250 ml buffer solution at different pH values in absence (0% FBS)
or in presence of 10% [21] and 90% FBS [29]. Calcein leakage was
evaluated after 3 h as reported in section 2.4. Vesicle size determina-
tions were also performed after incubation.
2.7. Cell culture and incubation with vesicles
The mouse monocyte macrophage cell line Raw 264.7 (20×104
cells/cm2) was cultured in DMEM medium at 37 °C in a humidiﬁed
environment with 5% CO2. The medium was supplemented with
10% FBS, 2 mM glutamine, penicillin (100 U/ml) and streptomicyn
(100 μg/ml).
For ﬂow cytometric experiments andmicroscopic examination, the
sub-conﬂuent Raw 264.7 culture was harvested using a 0.1% trypsin/
0.02% EDTA, centrifuged (200 g for 10 min at 4 °C) and washed twice
with ice-cold PBS. The cells were counted by means of the Burker
chamber and their viability, as assessed by trypan blue exclusion, was
routinely N98%. Subsequently, Raw 264.7 cells (2.5×106/ml) were
incubated in polypropylene roller tubes with complete DMEM
containing calcein loaded neutral or pH-sensitive non-phospholipid
and phospholipid vesicles at a concentration 10 mM, calculated on the
basis of the Tw20 and the phospholipid, respectively. Unless otherwise
stated, the duration of experiments was 60 min for non-phopholipd
vesicles or 30 min for liposomes. Removal of unbound vesicles was
accomplished by washing twice with 2 ml PBS, by repeating the
precipitation of the cells by centrifugation (200 g, 4 °C, 5 min) and
resuspension in 1ml of PBS. The cell viability, determined as previously
described, was between 90 and 95%. Control cells were incubated with
a calcein solution or 10 mM empty neutral or pH-sensitive vesicles.
Then the cells were incubated with a 0.4% (w/v) trypan blue solution
[30] for 5min at room temperature, washed again twicewith 2ml PBS
and resuspended in 1 ml PBS, thus obtaining a ﬁnal concentration of
106 cells/ml. This procedurewas applied to discriminate the associated
or bound vesicles from internalized vesicles.
2.8. Effect of temperature and cellular inhibitors on vesicle–cell
interaction
To distinguish between fusion and endocytotic pathway in the
uptake of surfactant vesicles, Raw 264.7 were cooled at 4 °C for 3 h
before vesicle addition and then incubated with the vesicles at 4 °C
[31]. In the experiments with cellular uptake inhibitors, the cells
were incubated for 60 min at 37 °C, in complete medium, with
either (1) chlorpromazine (10 μg/ml) to inhibit clathrin function of
coated pits [32], (2) ﬁlipin (5 μg/ml) to selectivelly block the caveolae
uptake [33], (3) methyl β-cyclodextrin (4 mM), which blocks
caveolae- and clathrin-dependent endocytosis, forming soluble
inclusion complexes with cholesterol of the plasma membrane
[34]. In inhibition experiments with chlorpromazine, before the
addition of vesicles, the cells were washed three times with PBS at
the end of the pre-incubation period and the total incubation time
was 15 min, because the effects of chlorpromazine are rapidly
reversible [32]. The same washing procedure was applied to
inhibition experiments with CD, because long pre-incubation times
led to an increased percentage of apoptotic cells (data not shown).After incubation, the loaded neutral and pH-sensitive vesicles were
added and the incubation was continued for 1 h or 30 min for non-
phospholipid and phospholipid vesicles, respectively. Subsequently
the cells were washed and analysed by ﬂow cytometry analysis. The
viability of the cells, treated in presence of these agents, was
evaluated, and compared to that of untreated control cells, leading to
the result of 90–93% viable cells.
2.9. Flow cytometry analysis
The FACS analysis was taken to acquire quantitative information in
terms of uptake kinetics and extent of uptake inhibition after the cell
treatment with drugs or inhibitors of endocytotic pathway. Becton
Dickinson FACScan (Becton-Dickinson Immunocytometry Systems,
USA) was used to perform ﬂow cytometry analysis. 20,000 cells were
measured for each analysis. The vesicle uptake monitored by calcein
ﬂuorescence was stored in a histogram mode on a logarithmic scale.
From the obtained graphs, the percentage of ﬂuorescent positive cells
and themean ﬂuorescence intensity (ﬂuorescence per cell, in arbitrary
units; MFI) were calculated. The calcein ﬂuorescence reﬂected the
intracellular dequencing of the dye andwas analyzed at excitation and
emission wavelengths of 488 nm and 520 nm, respectively. The
ﬂuorescence intensity of loaded vesicles in untreated control cells was
set to 100% for inhibition quantiﬁcation, whereas the cell uptake of
empty vesicles containing no probe served as blank for the evaluation
of the basic autoﬂuorescent level.
2.10. Colocalization studies of vesicle and transferrin.
Besides FACS-analysis the cellular uptake mechanism of vesicles
was studied by colocalization experiments of vesicle and transferrin
by using ﬂuorescence microscopy. For microscopic examination, the
cells were incubated for the desired time with culture medium
containing labelled ﬂuorescent vesicles (10 mM) and/or transferin
(10 μg/ml), which is widely recognized as a ligand exclusively
internalized via clathrin-mediated endocytosis [32]. After incubation
the cells were washed and resuspended in 1 ml PBS at a concentration
of 106 cells/ml, as described above. 300 μl (100,000 cells) of cell
suspension were applied to microscope slide by cytocentrifugation
(Shandon Southern Cytospin) at 800 rpm for 10 min. The slides were
then washed three times with PBS for 10 min at room temperature.
The cells were ﬁxed with 4% paraformaldeide for 10 min at room
temperature followed by four washing steps with PBS. Fixation was
necessary due to the long acquisition time (30–90 s) required. For
ﬂuorescence detection, the cover slips were mounted on microscope
slides with 10 μl Vectashield mounting medium (Vector Laboratories).
The samples were examined by a ﬂuorescence microscope (Zeiss
axioplan 2) at a 100× magniﬁcation. The ﬁgures were prepared using
Adobe Photoshop.
2.11. Statistical data analysis
Results are expressed as the mean of three experiments±SD for
characterization experiments and±SEM(standard errorof themean) for
Fig. 1. Phase transition of surfactant and phospholipid vesicles as determined by Nile Red assay. The λmax emission of Nile Red in surfactant vesicles was compared to that in
liposomes at pH 7.5 and 5.5. The data represent the mean obtained from three independent experiments. Lα=lamellar phase; HII = inverted hexagonal phase.
2752 L. Di Marzio et al. / Biochimica et Biophysica Acta 1778 (2008) 2749–2756cell interaction studies. Statistical data analysiswas performed using the
t-test. To evaluate if obtained differences in experimental results were
statistically signiﬁcant, p≤0.05 was used as the signiﬁcance criterion.
3. Results
3.1. Inﬂuence of CHEMS on Tw20 vesicles
In our previous work [35], the fundamental role of CHOL in non-
ionic surfactant vesicle formation was evidenced. Then the inﬂuence
of different amounts of CHEMS on Tw20 vesicle formation was
studied. DLS and ζ potential measurements, carried out after the
passage through the Sephadex column, indicated that, among the
non-ionic surfactant pH-sensitive formulations, only the sample
SV4pH showed a signiﬁcant yield of stable vesicular structures.
Consequently, all subsequent experiments were performed with
SV4pH. The presence of CHEMS modiﬁed vesicle dimensions and
surface charge with respect to the neutral vesicles, and such variations
(pb0.05) were strongly affected by pH (Table 2), as reported also by
Hafez and Cullis [36]. Furthermore, the pH sensitivity of both
surfactant and phospholipid vesicles was evaluated analyzing the
excitation spectra of HPTS and calcein loaded vesicles. The obtained
data (not shown) indicated that sample SV4pH, as well as the control
lipid vesicles, showed a pH dependent ﬂuorescent dyes release after
incubation in acetate buffer (pH 5.5). The phase behaviour of all types
of vesicles (SVN, SV4pH, LN and LpH) was investigated as a function of
pH by means of Nile Red assay. The results, reported in Fig. 1, showed
that pH-sensitive vesicles (SV4pH and LpH) undergo a transition from
lamellar to micellar phase. Moreover, this phase transition is more
marked for SV4pH than for LpH. The freeze–fracture electron
micrographs showed that SV4pH has unilamellar vesicular structure
comparable to that of control liposomes (Fig. 2)
3.2. Effect of plasma on vesicle stability and pH-sensitivity
The potential in vivo use of pH-sensitive vesicle formulations is
related to serum stability and to the maintenance of pH-sensitivity inFig. 2. Transmission electron micrographs of vesicles after freeze–fracture: (A) LpH (DM
CHEMS=15.0:2.0:13.0 mM) formulation at pH=7.4; Scale bars=200 nm.serum improving the possibility of the cytoplasmatic delivery of drugs
[37]. In our previous work [21] the stability and maintenance of pH-
sensitivity in presence of 10% FBS were demonstrated. To better
simulate in vivo conditions, all tested samples were analyzed at pH 7.4
in the presence of 0%, 10% and 90% FBS. The addition of serum to
surfactant and phospholipid vesicular formulations at pH 7.4 did not
modify (i.e. the percentage of calcein released after 3 h) vesicle
stability (pN0.05) (Fig. 3). Furthermore, as shown in Fig. 3 the SV pH-
sensitivity was about two or three fold higher than that obtained with
pH-sensitive liposomes.
3.3. Effect of temperature and pharmacological inhibitors of endocytotic
pathway on vesicle internalization
In our previous work [21], it was demonstrated that pH-sensitive
surfactant vesicles were internalized more efﬁciently and rapidly
(100% of positive cells in 5 min) by the cells than neutral formulations.
To determine whether the pH-sensitive SV uptake follows an energy
dependent or independent pathway, the effect of temperature on
cellular internalization of surfactant vesicles was compared to cellular
uptake of neutral SVs and liposomes. Fig. 4 shows the cellular uptake
of all vesicle samples at 4 °C and 37 °C. The uptake of all types of
vesicles (SVN, SV4pH, LN and LpH) was signiﬁcantly and strongly
inhibited (pb0.01) after a 3 h treatment at 4 °C with respect to the
same experiment carried out at 37 °C.
In order to better characterize the uptake process, cells were
treated with different pharmacological inhibitors prior to incubation
with surfactant or phospholipid vesicles. The results showed that the
cellular uptake of both surfactant or phospholipid vesicles was
reduced in the presence of chlorpromazine and CD, whereas when
the cells were pre-treated with ﬁlipin, the percentage of cell
internalization was essentially indistinguishable from that observed
for non-treated cells (Fig. 5A and B). As can be seen in Fig. 5A an
effective inhibition of neutral surfactant vesicle uptake in CD and
chlorpromazine-treated cells compared with untreated cells could be
detected. The percentage of inhibition of neutral surfactant vesicle
internalization was about 50–60%, as determined by ﬂow cytometryPC:CHOL:CHEMS=15.0:2.0:13.0 mM) formulation at pH 7.4; (B) SV4pH (Tw20:CHOL:
Fig. 3. Inﬂuence of FBS different concentrations on the in vitro stability and pH-sensitivity of surfactant and phospholipid vesicles at 37 °C. The vesicles were incubated at pH 7.4 and
5.5 in absence (0% FBS) and in presence (10 and 90%) of FBS. Samples were collected after 3 h and calcein leakagewas measured ﬂuorimetrically. Reported data represent the mean of
three experiments; error bars=±S.D. ⁎⁎pb0.01 compared to vesicle incubated at pH 7.4.
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inhibition than that of neutral SVs was found. The liposome uptake by
treated cells was reduced by only 30%. Furthermore, when analysing
the effect of chlorpromazine and CD on the cellular uptake of pH-
sensitive vesicles, a decrease of vesicle internalization was observed
(Fig. 5B). The results, shown in Fig. 5B, indicate that the cellular uptake
of pH-sensitive surfactant vesicles was reduced by about 60–70% in
comparison to the control value, while the reduction of the pH-
sensitive liposome internalization was between 30 and 50%.
3.4. Vesicles and transferrin colocalization in cytoplasmatic
compartments
To ﬁnd out which routes of uptake are used by the phospholipid
and surfactant vesicles in Raw 264.7 cells, colocalization of inter-
nalized vesicles and transferrin was studied using ﬂuorescence
microscopy. Figs. 6 and 7 illustrated the results obtained from a
representative experiment on cellular uptake of Tf, surfactant or
phospholipid vesicles. Figs. 6 and 7 show the exact localization and
relative intensity of used dyes in false colours: a) AlexaFluor 594-
labeled transferrin displayed in red (Figs. 6B, 6B′, 7B, 7B′); b): calcein-
labelled surfactant (Figs. 6A, 7A) and phosphlipid (Figs. 6A′, 7A′)
vesicles highlighted in green. Figs. 6 C and C′ and 7 C and C′ are the
overlay of single colours. The diffuse orange ﬂuorescence (6C, 6C′, 7C
and 7C′) indicated that the marker for clathrin uptake was colocalized
with calcein-labeled vesicles.Fig. 4. Effect of temperature on cell internalization of neutral and pH-sensitive vesicles.
Vesicle–cell interactions were analyzed by ﬂow cytometry as described in materials and
methods. The ﬂuorescence intensity in control cells (37 °C) was set as 100%. The data
represent the mean±SEM obtained from three independent experiments. ⁎⁎pb0.01
compared to control cells.4. Discussion
In this study, we compare the uptake mechanism and the effect of
different concentrations of fetal bovine serum on surfactant vesicles
composed of Tw20:CHOL:CHEMSwith that on liposomes composed of
DMPC:CHOL:CHEMS. In particular different amounts of the pH-
sensitive CHEMS and amphiphilic molecules (non-ionic surfactant)
were evaluated for vesicle formation, serum stability and pH-
sensitivity. Among the non-ionic surfactant vesicle formulations
studied, Tw20:CHOL:CHEMS vesicles in molar ratio 15.0:2.0:13.0Fig. 5. Effect of the different endocytotic inhibitors on cell internalization of neutral and
pH-sensitive vesicles. Cell uptake (A) of neutral and (B) of pH-sensitive vesicles. Cells
were preincubated with chlorpromazine (chlorp.), ﬁlipin and methyl-β-cyclodextrin
(CD) as described in materials and methods. The cells were subsequently incubated
with 10 mM calcein-labeled vesicles for times reported in material and methods. After
incubation, the cells were washed and analyzed by ﬂow cytometry. The data are shown
as mean±SEM obtained from three independent experiments. ⁎pb0.05; ⁎⁎pb0.01
compared to control.
Fig. 6. Fluorescence microscopy images of cell incubated with neutral vesicles in absence or in presence of transferrin. The panels A, B and C show the images obtained with the
calcein-loaded surfactant vesicles, transferrin and calcein-loaded vesicles in presence of transferrin, respectively. The transferrin was used as marker of clathrin-mediated
endocytosis. AlexaFluor 594-labeled transferrin is displayed in red, calcein-labelled vesicles are highlighted in green. The orange colour show the colocalization of red and green
signals. A′, B′, C′, are the images obtained from a parallel experiments performed in the presence of phospholipid vesicles.
2754 L. Di Marzio et al. / Biochimica et Biophysica Acta 1778 (2008) 2749–2756(SVpH4) were those exhibiting the best yield in stable vesicular
structures. The results of the effect of fetal bovine serum on vesicle
stability and pH-sensitivity indicate that in the absence of serum both
phospholipid (LpH) and surfactant vesicles (SVpH4) exhibited similarFig. 7. Fluorescence microscopy images of cell incubated with pH-sensitive vesicles in absenc
calcein-loaded surfactant vesicles, transferrin and calcein-loaded vesicles in presence of
endocytosis. AlexaFluor 594-labeled transferrin is displayed in red, calcein-labelled vesicles
signals. A′, B′, C′, are the images obtained from a parallel experiments performed in the prepH-sensitive properties, after vesicular destabilization (i.e. turbidity
decrease) due to protonation and/or to dehydration of the polar
headgroups of CHEMS [36]. As evidenced by Nile Red assay, the pH-
induced membrane destabilization is related to vesicle-to-micellee or in presence of transferrin. The panels A, B and C show the images obtained with the
transferrin, respectively. The transferrin was used as marker of clathrin-mediated
are highlighted in green. The orange colour show the colocalization of red and green
sence of phospholipid vesicles.
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structural changes are important steps in membrane fusion [38]. In
the presence of serum the analyzed samples maintained their pH-
sensitivity, this related to the presence of a pH-sensitive molecule in
all vesicular bilayers and not to a coating pH-sensitive polymer as
previously reported [39]. In addition, the pH-sensitive SVs showed
pH-sensitivity two or three fold higher than that obtained with pH-
sensitive liposomes in the presence of serum in vitro. This results
suggest that pH-sensitive surfactant vesicles showed improved
retention of pH sensitivity in the presence of serum and the increase
of calcein leakage is probably related to a higher bilayer “ﬂuidity”
[21,35]. Such property determines the surfactant vesicle efﬁcacy to
mediate the fusogenic ability, stability in biological ﬂuids and
cytoplasmatic delivery of entrapped molecules.
The next logical step in improving vesicle-mediated delivery is to
understand the cellular uptake and routingmechanism of the delivery
systems in order to be able to design and optimize a new carrier. The
uptake mechanism of drug delivery systems occurs according to an
energy dependent (endocytotic pathway) or independent mechanism
(fusion). In a previous work [21], we demonstrated that pH-sensitive
surfactant vesicles were internalized more efﬁciently and rapidly
(100% of positive cells in 5 min) by the cells than neutral formulation.
To determine whether the pH-sensitive SVs uptake follows an energy
dependent or independent pathway, the effect of temperature on
cellular internalization of surfactant vesicles was compared to cellular
uptake of neutral SVs and liposomes. The obtained results imply that,
as it occurs for liposomes, both surfactant vesicles were internalized
by an energy-dependent process [40]. To study the endocytotic routes
of uptake of surfactant vesicles in a quantitativeway, macrophage-like
cells were incubated with a panel of inhibitors of different endocytotic
pathways and analyzed by ﬂow cytometry. Inhibition of caveolae-
mediated pathway did not affect the total level of uptake of either pH-
sensitive or neutral vesicles. Internalization of both phospholipid and
surfactant vesicles decreased after incubation with methyl β-cyclo-
dextrin, which causes cholesterol depletion and thereby affects both
the clathrin and caveolae-mediated pathways [34]. To discriminate
between these two pathways a more speciﬁc inhibitor (chlorproma-
zine) of clathrin-mediated endocytosis was used. The incubation with
chlorpromazine signiﬁcantly affects the internalization of both
phospholipid or surfactant vesicles. The internalization study of
vesicles by using cellular uptake inhibitors provides evidence that
neutral and pH-sensitive SVs were internalized by cells by means of
cholesterol-dependent clathrin-mediated endocytosis and this path-
way plays a major role in the internalization process of these vesicles
into cells. Although it is demonstrated that several types of cells in the
immune system (i.e. macrophages) internalize particles via phagocy-
tosis and this process is recognized to be clathrin-independent [41],
data obtained by ﬂow cytometry analysis were not in agreement with
a signiﬁcant contribution of phagocytosis to the mechanism of
surfactant vesicle internalization by cells. An overall evaluation of
the obtained data suggests that cholesterol-dependent clathrin-
mediated endocytosis is the process involved in surfactant vesicle
uptake, as for liposomes, and played amajor role in the internalization
of neutral and pH-sensitive SVs. Presumably, surfactant vesicles bind
nonspeciﬁcally to cellular receptors, which are or become clustered in
coated regions, and then internalized.
To obtain evidences for clathrin-mediated endocytosis by means of
ﬂuorescence microscopy, we veriﬁed the processing of Tf in the
present system and determined if the vesicles were colocalized with
this ligand in the cytoplasmatic compartment. Actually it should be
pointed out that results of microscope analysis are not intended to be
discussed quantitatively, but are presented to support the ﬁndings
acquired by means of ﬂow cytometry. The results of ﬂuorescence
microscopy were in close agreement with those obtained by ﬂow
cytometry studies, thus conﬁrming the cholesterol-dependent cla-
thrin-mediated endocytosis in surfactant vesicle uptake by cells. It haspreviously been reported that, when HeLa cells were incubated with
surfactant:lipid micelles and ﬂuorescein-labeled dextran, a diffuse
cytosolic ﬂuorescence was observed, while the punctuate intracellular
pattern was observed upon treatment with the lisosmotic agent,
NH4Cl. The inhibition of cytosolic transfer upon disruption of
endosome-to-cytosol pH gradients using NH4Cl shows that surfac-
tant:lipid micelles are internalized by endocytotic pathway rather
than direct permeabilization of the plasma membrane [42].
Results presented in this study provide new insights concerning
the interaction of pH-sensitive surfactant vesicles with cells, in
comparison with pH-sensitive liposomes. The non-ionic surfactant
vesicles may represent a novel strategy to overcome extracellular and
intracellular barriers in biological molecule transfer (e.g. proteins).
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